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Abstract
Vector meson (V = ω, φ) production in near-threshold elementary nucleon-nucleon collisions
pp → ppV , pn → pnV and pn → dV is studied within an effective meson-nucleon theory. It is
shown that a set of effective parameters can be established to describe fairly well the available
experimental data of angular distributions and the energy dependence of the total cross sections
without explicit implementation of the Okubo-Zweig-Iisuka rule violation. Isospin effects are
considered in detail and compared with experimental data whenever available.
∗On leave of absence from Bogoliubov Lab. Theoretical Physics, JINR, 141980 Dubna, Russia
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I. INTRODUCTION
A combined theoretical analysis of ω and φ meson production in the processes
pp → ppV , pn → pnV and pn → dV (here V denotes a vector meson [ω or φ], p (n)
denotes a proton (neutron), and d stands for the deuteron in the final state) at near-
threshold energies is interesting for different aspects of contemporary particle and nuclear
physics. For instance, according to the Okubo-Zweig-Iizuka (OZI) rule [1] the production
of φ mesons in nucleon-nucleon collisions should be strongly suppressed relative to ω pro-
duction. An enhanced φ production would imply some exotic (e.g., hidden strangeness)
components in the nucleon wave function. The OZI rule is based on Sakurai’s observation
[2] that the lowest 1− vector mesons obey the Gell-Mann SU(3) octet classification [3] and
the Gell-Mann–Okubo mass formulae only if one attaches to the eight SU(3) matrices λ1−8
a ninth one, λ9 =
√
2/3λ0, so that instead of the 1
− octet one considers a nonet, repre-
sented by a non-traceless tensor Gµν ∼ qµq¯ν (qi = u, d, s). Then, to reconcile the physical
masses of ω and φ mesons one introduces a mixing angle θ and forms combinations like
cos θ ω0 ± sin θ ω8 to reproduce the known masses (ω0,8 are the pure SU(3) ω meson
states). Alternatively, one can determine the mixing angle from the demand to reproduce
the quark content of ω (uu¯+ dd¯) and φ (ss¯) mesons. The angle θ0 determined from this
condition is called the ideal mixing angle which is slightly different from θ obtained from
mass formulae. Such a difference means that in principle the φ meson can contain a small
portion of non-strange quarks and, vice versa, the wave function of ω can contain some
hidden strange components. In spite of the fact that the nonet classification does not
have a strict symmetry nature, it has been found to excellently describe the light vector
mesons. However, such a ”nonet hypothesis” needs to be complemented by the restriction
that in expressions for physically observed processes the trace Gµµ will never arise (see
for details, e.g., ref. [4]).
At the level of quark diagrams this restriction means that topological diagrams with
disjoint parts of quark lines (”hairpin” diagrams) must be zero (in the ideal case) or
highly suppressed. This is known as the Quark-Line Rule or OZI rule. In particular, the
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quantities
ZOZI =
√
2T (A+B → X + (ss¯))
T (A+B → X + (uu¯)) + T (A+B → X + (dd¯)) (1.1)
and
β2OZI ≡
∣∣∣∣∣
√
2T (A+B → X + φ)
T (A+B → X + ω)
∣∣∣∣∣
2
=
∣∣∣∣∣ ZOZI + tan(θ − θ0)1− ZOZI tan(θ − θ0)
∣∣∣∣∣
2
(1.2)
(A,B and X denote non-strange particles, T is the amplitude of the corresponding pro-
cess) are predicted to be small,
|Z| ≪ 1, β2OZI ≪ 1. (1.3)
The prediction (1.3) has been checked for a large number of experimental cross sections
and is found to be fulfilled with high accuracy [4],
β2OZI ≤ 2.6 · 10−2. (1.4)
Nevertheless, the OZI rule being in fact of a mnemonic nature cannot be exact and should
have some range of applicability. So, the unitary condition for the S matrix, SS+ = 1,
implies that
2ImTi→f ≃
∑
X
Ti→X T
∗
f→X , (1.5)
where the summation over intermediate states X runs over all open physical channels
allowed by energy conservation. From (1.5) one concludes that at high enough energies
OZI allowed subprocesses i→ X and f → X always exist such that they can contribute to
the OZI forbidden i→ f reactions. These correspond to so-called loop or double hairpin
diagrams being topologically equivalent with the forbidden ones. This means that eq. (1.5)
leaves room for OZI rule violation. The experimentally observed small values of βOZI in
eq. (1.4) may be understood as a random cancellation of intermediate phases in (1.5) at
high energies, so that the OZI rule can be still fulfilled at high energies [43], while at
intermediate energies its violation is always expected. Nevertheless, at low energies, near
the threshold, the loop diagrams contributing in (1.5) can be suppressed by the lacking
energy, and the hairpin diagrams again govern the amplitude of the process. Hence, since
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in this kinematical region there are no other ”legal” sources of the OZI rule violation, an
investigation of processes near the threshold is of interest.
Any significant deviation of βOZI from (1.4) near the threshold indicates some ”exotics”
(as the mentioned hidden degrees of freedom) in the wave functions of the involved parti-
cles. Of particular interest is the presently studied ω and φ production in nucleon-nucleon
reactions since the violation of the OZI rule could drastically change the interpretation
of the quark content of nucleons. Nowadays, for the relevant coupling constants one has
the following predictions (cf. ref. [3])
gφNN = − tan(θ − θ0) gωNN ,
g2ρpiφ
g2ρpiω
≃ (0.7− 1.) · 10−2, (1.6)
where ∆θ = θ − θ0 ≃ 3.7o · · ·5.5o. Consequently, within a simplified treatment of the
reaction mechanism, the ratio of the corresponding cross sections is expected to be pro-
portional (with the proportionality coefficients corrected by corresponding phase space
volumes) to the ratios of the coupling constants in eq. (1.6), so that possible violations of
the OZI rule are often associated with these values [5, 6]. However, the reaction mecha-
nism of NN → NNV , where N denotes the nucleon, is much more involved and consists
of different types of diagrams with quite complicate interference effects. This hinders a
direct investigation of the validity of the OZI rule; some enhancements of the ratio (1.4)
may occur dynamically, i.e. the actual ratios of the cross sections may differ from the
”OZI correct” input ratios of the coupling constants. Moreover, in processes of the type
pp→ ppV the effects of Final State Interaction (FSI) may become predominant near the
threshold and completely mask the studied problem.
For a reliable study of these effects one needs more experimental data and more types
of processes. In particular, for further checks of the reaction mechanism and for a firm
separation of FSI effects it is necessary to study meson production also at neutron targets.
Near the threshold, FSI in pp and pn systems differs due to the Pauli principle, hence a
combined study of pp and pn reactions will enlighten the theoretical methods to treat the
FSI. Unfortunately, data on elementary reactions on neutrons are scarce since they must
be extracted, with some efforts and even mostly with some model dependent assumptions,
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from reactions on nuclei, mainly on the deuteron. The spectator technique [7, 8] represents
one example of how one can use a deuteron target to isolate reactions on the neutron. It
is based on the idea to measure the spectator proton, psp, at fixed beam energy in the
vector meson production reactions pd → dV psp, thus exploiting the internal momentum
spread of the neutron inside the deuteron. In such a way one gets access to quasi-free
reactions pn→ dV .
An experimental investigation of the near-threshold (pseudo)scalar and vector meson
production at the neutron becomes therefore feasible. Indeed, at COSY the ANKE spec-
trometer set-up can be used in particular for studying the a0, ω and φ production with
the internal beam at ”neutron target” [8]. This offers the possibility to enlarge the data
base on hadronic reactions and to address special issues, e.g., for a systematic study of the
OZI rule violation via ω and φ production in piN and pp reactions (cf. [9] for a reanalysis)
and in p¯p annihilations (cf. [10, 11] and further references quoted therein for theoretical
analyzes) as well.
OZI rule violations are of interest with respect to possible hints to a significant ss¯
admixture in the proton, as supported by the pion-nucleon sigma term [12, 13] and in-
terpretations of the lepton deep-inelastic scattering [14]. Besides the impact on hadron
phenomenology the origin of the OZI rule addresses also a link to QCD [15, 16]. Further-
more, the effective description of particle production in elementary processes is a necessary
prerequisite to analyze heavy-ion collisions in detail and to pin down in-medium effects.
In particular, the pn channels deserve a reliable description which is not simply accessible
from constant isospin factors correcting the cross sections in pp channels.
Given this motivation, in [17–19] the reaction pn→ dV with V = ω, φ has been studied
in some detail (pn→ dS with S = a+0 , η, η′ is considered in [17, 18]). In [17, 18] the cross
sections and angular distributions are elaborated as a function of the excess energy within
a two-step model. The same observables are evaluated in [19–21] within the framework
of a boson exchange model with emphasis on the ratio of cross sections σpn→dφ/σpn→dω
being of direct relevance for the OZI rule violation. Ref. [22] focuses on the ω and φ
meson production in pp reactions. We go beyond [22] by studying also pn reactions and
by including the deuteron final state.
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In this paper we present a combined analysis of ω and φmeson production in pp→ ppV ,
pn→ pnV and pn→ dV processes. Within an effective meson-nucleon theory we compute
the covariant amplitudes for NN → NNV , and from pp → ppV data we fix the free
parameters as to obtain a good description of the available experimental data. Note
that in spite of the large number of parameters entering the effective meson-nucleon
theory a bulk of them is already determined by other independent considerations (the
one-boson-exchange (OBE) potential, decays into mesons etc.) so that we are left with a
restricted number of free parameters which can be varied. The main idea of the present
work is to study whether it is possible to describe in a consistent way the pp → ppV ,
pn → pnV and pn → dV amplitudes by exploiting as input into the calculations such
effective parameters which, at the elementary level, are in a concord with other data (e.g.,
known meson and nucleon decays) and preserve the OSI rule. Then from calculations of
the corresponding cross sections we study the possible enhancement of the respective ratios
and compare with the expected naive OZI rule predictions. For a consistent treatment of
all mentioned reactions and in order to be able to use directly the covariant amplitudes
from NN → NNV processes, with the effective parameters already found, we perform
the analysis of the pn → dV processes within the Bethe-Salpeter (BS) formalism [24]
with the numerical solution [25] of the BS equation obtained within the same effective
meson-nucleon theory. The use of the BS formalism is not dictated by the necessity of
taking into account relativistic effects, rather it is inspired by convenience reasons.
This paper is organized as follow. In Section II the vector meson production in nucleon-
nucleon interaction is analyzed. The kinematics, notation and explicit expressions for the
relevant quantities are presented in Section IIA, the choice of the effective parameters is
discussed in Section IIB, and in Section IIC results of numerical calculations of angular
distributions and the energy dependence of the total cross sections for ω and φ meson
production in pp and pn reactions are presented. Basing on the obtained results the ratio
of cross sections φ/ω is analyzed in connection with the OZI rule. A similar structure has
the Section III, where the meson production in the pn → dV process is analyzed within
the Bethe-Salpeter formalism. In Section IIIA details of derivation of the corresponding
formulae within the BS formalism are presented. In Section IIIB results of numerical
6
calculations of the angular distributions, total cross sections and OZI rule are discussed.
Conclusions and the summary are collected in Section IV.
II. THE PROCESSES NN → NNω AND NN → NNφ
A. Kinematics and Notation
Consider the vector meson production in NN collisions of the type
N1 +N2 → N ′1 +N ′2 + V. (2.1)
The invariant five-fold cross section is
d5σ =
1
2
√
s(s− 4m2)
1
4
∑
s1,s2
∑
s′
1
,s′
2
,MV
|TMVs1s2,s′1,s′2|
2d5τf
1
n!
, (2.2)
where si andMV are the projections of the nucleon and meson spins on the quantization
axis, and the factor
1
n!
accounts for n identical particles in the final state. The invariant
phase space volume dτf is defined as
d5τ = (2pi)4δ (p1 + p2 − p′1 − p′2 − q)
d3p′1
2Ep′
1
(2pi)3
d3p′2
2Ep′
2
(2pi)3
d3q
2Eq(2pi)3
. (2.3)
In eqs. (2.2) and (2.3) the 4-momenta of initial (p1, p2) and final (p
′
1, p
′
2) nucleons and
vector meson (q) are p = (Ep,p) with Ep =
√
m2 + p2, q = (Eq,q) with Eq =
√
m2V + q
2,
where m and mV are the nucleon and meson masses, respectively. The initial energy
squared of incident nucleons is defined as s = (p1 + p2)
2. It is seen from (2.3) that the
cross section eq. (2.2) is determined by five independent kinematical variables, the actual
choice of which depends upon the goals of the attacked problem. In the present paper we
are interested in studying the angular distributions of the produced mesons in the center
of mass (CM) of initial particles and the energy dependence of the total cross section.
For this sake it is convenient to choose the kinematics with two invariants, t = (p1 − q)2
and s12 = (p
′
1 + p
′
2)
2, and two angles, the solid angle dΩ∗12 in the CM of the two final
nucleons and the azimuthal angle ϕV of the meson in the CM of initial particles. (This is
the Chew-Low kinematics.) Then
d5σ =
1
64s(2pi)5
√
s(s− 4m2)
√√√√1− 4m2/s12
1− 4m2/s
1
4
∑
spins
|TMVs1s2,s′1,s′2|
2dtds12dϕV dΩ
∗
12
1
n!
. (2.4)
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The invariant amplitude TMVs1s2,s′1,s′2
is evaluated within a meson-nucleon theory based on
effective interaction Lagrangians which includes scalar (σ), pseudoscalar (pi), and neutral
(ω, φ) and charged (ρ) vector mesons (see e.g. [26, 27])
LσNN = gσN¯NΦσ, (2.5)
LpiNN = −fpiNN
mpi
N¯γ5γ
µ∂µ(τΦpi)N, (2.6)
LρNN = −gρNN
(
N¯γµτNΦρ
µ − κρ
2m
N¯σµντN∂
νΦρ
µ
)
, (2.7)
LV NN = −gV NN
(
N¯γµNΦ
µ
V −
κV
2m
N¯σµνN∂
νΦ
µ
V
)
; (2.8)
LρpiV = gρpiV εµναβ ∂µΦνV Tr
(
∂αΦβρΦpi
)
, (2.9)
where N and Φ denote the nucleonic and mesonic fields, respectively, Tr (ΦρΦpi) = Φ
0
ρΦ
0
pi+
Φ+ρ Φ
−
pi +Φ
−
ρ Φ
+
pi and bold face letters stand for isovectors. All coupling constants with off-
mass shell particles are dressed by monopole form factors Fm = (Λ
2
m −M2m) / (Λ2m − k2m),
where k2m is the 4-momentum of the virtual particle with mass Mm ( k
2
m 6=M2m).
These Lagrangians result into two types of Feynman diagrams: (i) the ones which
describe the meson production from the processes of one-boson exchange (OBE) between
two nucleons accompanied by the emission of a vector meson from nucleon lines in V NN
vertices (in what follows we call these diagrams bremsstrahlung type reactions), and (ii)
production of vector mesons resulting from a conversion of virtual (exchange) pi and ρ
mesons into a real vector meson, i.e., from the ρpiV vertex defined by eq. (2.9)) (these
diagrams are called internal conversion type diagrams).
It is convenient to define for the considered processes an effective scattering operator
Oˆ(12; 1′2′V ) which can be derived from the Feynman diagrams for the amplitude by
cutting the external nucleon spinors, as depicted in fig. 1, where the external nucleons
are represented by solid truncated lines. All the dependencies on meson and nucleon
propagators as well as on the polarization of the final meson are included into the definition
of Oˆ(12; 1′2′V ). Accordingly, the invariant amplitude TMVs1s2,s′1,s′2
can be obtained by merely
sandwiching this operator between the nucleon spinors. For example, for the pp reaction
one has
TMVs1s2,s′1,s′2
=
〈
p′1, s
′
1, p
′
2, s
′
2
∣∣∣ Oˆ(12; 1′2′V ∣∣∣ p1, s1, p2, s2 〉− antisym. (2.10)
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In the case of pn processes, instead of the antisymmetrization in eq. (2.10), denoted
by ”antisym”, one should properly take into account the isospin factors (see for details
ref. [28]). The derivation of the analytical form of the corresponding bremsstrahlung and
conversion amplitudes (2.10) from the Feynman graphs in fig. 1 from the Lagrangians
(2.8) is straightforward but rather cumbersome and we do not present it here. Explicitly
the amplitudes TMVs1s2,s′1,s′2
can be found elsewhere, e.g., in ref. [28].
B. Effective Parameters
In this subsection we discuss the choice of effective parameters for the bremsstrahlung
and conversion processes. The bremsstrahlung diagrams (fig. 1a) consist of two parts,
the pure OBE exchange and the emission of the meson from the nucleon lines. The
OBE parameters, masses, cut-off’s and coupling constants, are adopted to coincide with
those of the OBE potential by the Bonn group with the pseudo-vector coupling in the
piNN vertex [26]. Then in the bremsstrahlung part of the amplitude (2.10) we are left
with the parameters of the V NN vertices (vertices with wavy lines in fig. 1a) for the
real production of ω and φ. In principle, the effective parameters for such vertices can
differ from the corresponding parametrization of the virtual mesons; consequently in the
present work they are considered as free parameters to be fitted independently. For the
conversion type vertices ρpiV (vertices with wavy lines in fig. 1b) the coupling constant
gρpiω has been fixed from a systematic study of pseudoscalar and vector meson radiative
decays together with the vector meson dominance conjecture (see, e.g. [19, 27, 29])
and is found to be gρpiω ≃ 12.9 GeV −1. ( At this point it is worth mentioning that
often in the literature the definition of the coupling constants gρpiV differs from ours
in eq. (2.9) by a mass factor included into gρpiV as to make it dimensionless. So, in
refs. [19, 30] this factor reads as
√
mρmω which results in a dimensionless coupling constant
gρpiω ≃ 10.0.) The corresponding cut-off parameter, also freely adjustable in the present
consideration, has been adjusted to reproduce the angular distribution of ω mesons from
COSY-TOF experiments [31] yielding Λρpiω ≃ 1000 MeV . For the φ production from
conversion type diagrams the coupling constant gρpiφ is adjusted to data for the φ → ρpi
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decay. The value Γ(φ → ρpi) = 0.69 MeV suggests gρpiφ = −1.1 GeV −1 [28] (cf. also
ref. [27]). Then for the conversion diagram the cut-off parameter Λρpiφ is found from a
combined analysis of the contributions of the conversion and bremsstrahlung diagrams to
the experimental cross section [5, 6]. Together with the nucleonic cut-off ΛN = 720 MeV
we adopt Λρpiφ = 1340 MeV , following ref. [28] (set ”B”).
Next we explain the choice of parameters for the bremsstrahlung part. Since the
nucleon cut-off parameter, ΛN , has already been fixed, we have now to choose only the
coupling constant gωNN (and κω) for the emission of the ω meson. The corresponding
parameters for the φ meson are connected with symmetry relations with the ω meson and
we do not consider here them as free parameters. The cut-off for ω meson production as
well as for the φ meson is chosen as in the OBE potential [26] (ΛφNN = ΛωNN). In the
present work the coupling constant gωNN = 9.0 [19] is chosen. Then, having fixed the ω
parameters, we find gφNN = −gωNN tan∆θ ≃ −0.8 with ∆θ ≈ 5o [4] (cf. also ref. [28]).
The parameters used in our calculations are listed in Table I. It should be noted that the
chosen parameters are in the range quoted by eq. (1.6).
C. Results for NN → NNV
In our calculations we make use of the explicit expressions for the conversion and
bremsstrahlung diagrams quoted in ref. [28]. The FSI effects have been calculated within
the Jost function formalism [34] which reproduces the singlet and triplet phase shifts at
low energies. In fig. 2 we present results of calculations of the angular distribution of ω
mesons at the excess energy ∆s1/2 = 173 MeV (∆s1/2 ≡ √s − 2mp − mV ) for proton
(left panel) and neutron (right panel) targets. The experimental data [35] served to fix
our free parameters for further calculations of the energy dependence of the total cross
section and for an analysis of pn → dV processes. It can be seen that with the set of
parameters listed in Table I a good description of the data is achieved. It is also found
that the contribution of bremsstrahlung diagrams (fig. 1a) is predominant in both pp and
pn processes (see fig. 4). The difference in magnitudes for pp and pn processes is due to
the Pauli principle for the former reactions (integration over dΩ∗12 in eq. (2.2) is performed
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TABLE I: Model parameters for the process NN → NNV (V = ω, φ).
Vertex Coupling constant Cutoff
(fV NN = κV gV NN ) (MeV)
ρpiV gρpiω = 12.9 GeV
−1 [19, 33] Λρpiω = 980 [19]
gρpiφ = −1.1 GeV −1 [20, 28] Λρpiφ = 1340 [28]
ΛNN = 720
V NN gωNN = 9. ΛωNN = 1500
(κω = 0.5)
gφNN = −0.8 [28] ΛφNN = ΛωNN = 1500
(κφ = 0.5, ∆θ ≈ 5o [4])
MNNa
pi fpiNN = 1.0 ΛpiNN = 1300
σ gσNN = 10. ΛσNN = 1800
ρ gρNN = 3.5 ΛρNN = 1300
(κρ = 6.1)
ω gωNN = 15.85 ΛωNN = 1500
(κω = 0.0)
aThe OBE parameters could, in principle, be different from the ones in real production of on-mass shell
mesons from NNV vertices.
only over one hemisphere of the two protons phase volume) and a possible destructive
interference of diagrams due to antisymmetrization effects and isospin enhancements for
the latter (see for details ref. [28]).
The remaining parameters for φ have been fixed to describe the data for the angular
distribution of φ production at ∆s1/2 = 83 MeV [5, 6]. Having adjusted our parameters
in this manner we compute the energy dependence of the total cross section. Results
of calculations together with the available experimental data are presented in figs. 3, 5
and 6. The dashed lines represent the contribution of the conversion diagrams alone, the
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dotted lines are results of calculations of both bremsstrahlung and conversion diagrams
by neglecting the FSI effects. Eventually, the solid lines exhibit the total cross section
with FSI taken into account [28]. A fairly good description of the data in a large interval
of the excess energy is achieved. Contrary to ω production, the contribution of the
bremsstrahlung diagram for φ mesons is much smaller, due to the small value of the gφNN
coupling. The nontrivial behavior of the ratio σpn→pnV /σpp→ppV exhibited in figs. 4 and 7
evidence that the vector meson production cross sections known by pp reactions can not
simply be translated into ones for pn reactions. A comparison of the solid and dashed
lines in figs. 4 and 7 clearly indicates that near the threshold the FSI in pp and pn systems
is different. Rather, a profound analysis, like the one presented here, is needed to have
reliable input for simulating heavy-ion and proton-nucleus collisions. This is particularly
important for the ongoing experiments with HADES [36].
Figures 3 and 6 demonstrate that in the extreme threshold limit the main contribution
comes from the final state interaction effects. As the excess energy increases the role of
FSI diminishes, even becoming negligible at excess energy ∆s1/2 > 200 MeV . This is a
disappointing fact, since as mentioned above, the checks of the validity of the OSI rule
are preferably to be performed at as low energies as possible (where the loop and double
hairpin diagrams are suppressed), while we find that at these energies the ”net” cross
section relevant for the OZI rule is completely masked by FSI. However, if the FSI effects
can be firmly separated, the total cross section may still serve as criterion of the validity
of the OSI rule. This could be estimated by an investigation the OZI φ/ω ratio at equal
excess energies, where the effects of difference in phase space volumes is minimized, for
cross sections with and without including FSI corrections. Figure 8 illustrates that the
dependence of such ratios upon the energy is rather weak and practically is not affected by
the FSI effects, which let us argue that the adopted Jost method correctly describes the
FSI effects. The small difference between ratios with and without FSI can be traced back
to the different interactions in pp (1S0 configuration) and pn (
3S1 − 3D1 configurations)
systems near the threshold. The results in fig. 8 persuade that in this kinematical region
the FSI effects, playing an important role in the absolute value of the total cross sections,
do not essentially mask the study of OZI rule by ratios of total cross sections. Note that
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the absolute values of the ratios depicted in fig. 8 clearly indicate a violation of the OZI
rule. But this is an apparent effect since the relative contributions of bremsstrahlung
and conversion diagrams and, correspondingly, the interference effects are quite different
for ω and φ production (cf. figs. 3 and 6). Moreover, even at equal excess energies the
phase space volumes for φ and ω mesons are quite different. Sometimes in the literature
one studies the ratio φ/ω at equal initial beam energies [5]. In this case one has two
effects with opposite contributions: (i) the phase space volume of the φ meson is much
smaller in comparison with the ω meson (due to different masses, there is a shift of
∼ 240 MeV in ∆s1/2) which will decrease the ratio, and (ii) since at equal beam energies
the relative momentum of two produced nucleons is smaller for φ meson production, the
FSI corrections are expected to be larger (cf. figs. 3 and 6). In fig. 9 the OZI ratio at equal
beam energies is presented together with data from [5]. It is seen that these ratios are
by an order of magnitude smaller than that at equal excess energy and more compatible
with the naive OZI rule predictions. In the right panel of fig. 9 the OZI ratio is depicted
without any FSI corrections. A comparison with the left panel and with the range of
the ratio of input constants (the shaded area in fig. 8) gives some evidence about the
magnitude of corrections from the phase space volumes solely.
From the performed analysis one can conclude that an investigation of the OZI rule in
NN → NNV processes near the threshold is feasible, provided one can firmly take into
account the FSI effects and, consequently, properly calculate the phase space corrections.
The problem of accounting for the FSI between the two nucleons can be solved by con-
sidering processes with a definite two-nucleon final state, e.g. the process where the FSI
in a pn system result in a bound state, the deuteron.
III. THE PROCESSES pn → dω AND pn → dφ
One way of testing our assertion on the predicted cross sections for pn reactions is to
implement them in the tagged quasi-free reaction pn→ dV .
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A. Formalism
Let us consider the reaction
p + n = d+ V, (3.1)
where, as before, V denotes the ω or φ vector meson and d the deuteron. The invariant
differential cross section reads
dσ
dt
=
1
16pi s(s− 4m2)
1
4
∑
s1,s2
∑
MV ,Md
|TMVMds1s2 (s, t)|2, (3.2)
where s is the square of the total energy of colliding particles, t is the square of the
transferred 4-momentum, s1, s2,MV and Md denote the spin projections on a given
quantization axis, and T stands for the invariant amplitude of the process (3.1). As in
the previous section the most general form of the amplitude T is presented in the form
TMVMds1s2 (s, t) = 〈D,Md |Gˆµ ξ∗µMV |1, 2〉, (3.3)
where ξMV is the polarization vector of the vector meson. The scattering operator Gˆ
represents a vector in the vector space of mesons and a 16 ⊗ 16 component object in
the spinor space of nucleons; the deuteron is described as a 16 component BS amplitude
Φ(1, 2) which is defined as a matrix element of a time-ordered product of two nucleon
fields ψ(x) as
Φαβ(1, 2) = 〈D|T
(
ψα(1)ψβ(2)
)
|0〉 (3.4)
and satisfies the BS equation.
Suppose that in the considered reactions the off-mass shell effects are negligibly small,
i.e., the on-mass shell matrix elements of the Lagrangian (2.9) between real nucleons
(reaction (2.1)) and half-off mass shell matrix elements (reaction (3.1)) are the same.
Then it can be immediately seen that the operator Gµ ξ∗µ coincides with the corresponding
operator of the process (2.1), i.e., Oˆ = Gµ ξ∗µ. The invariant amplitude may be cast in the
form
TMVMds1s2 (s, t) = −i
∫
d4p
(2pi)4
Φ¯αbMd(1
′, 2′) Oˆbcαβ(12; 1
′2′,MV )uc(1)uβ(2), (3.5)
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where Φ¯abMd(1
′, 2′) is the conjugate BS amplitude in the momentum space, p is the relative
4-momentum of the nucleons in the deuteron, and u(1), u(2) denote the Dirac spinors for
the incident nucleons. Recall that the operator Oˆbcαβ(12; 1
′2′,MV ) is a scattering operator
describing the vector meson production in the final state. This operator acts in the spinor
space of protons and neutrons separately; the upper and lower spinor indices refer to
protons and neutrons, respectively. The first indices, b and α, form an outer product of
two columns, whereas the second ones, c and β, form an outer product of two rows. To
explicitly establish a relation of the amplitude (3.5) with the corresponding amplitude
(2.10) of the NN → NNV process we find the spinor structure by a decomposition of the
operator Oˆ in each of its indices over the corresponding complete set of Dirac spinors, i.e,
Oˆbcαβ(12; 1
′2′,MV ) = 1
(2m)4
4∑
r,r′,ρ,ρ′=1
AMVr,r′;ρ,ρ′(12; 1
′2′)ubr′(1
′)u¯cr(1)u¯
β
ρ(2)u
α
ρ′(2
′), (3.6)
where the coefficient AMVr,r′;ρ,ρ′(12; 1
′2′) is determined by the completeness and orthogonality
of the Dirac spinors, u¯r(p)ur′(p) = εr2mδrr′ , yielding
AMVr,r′;ρ,ρ′(12; 1
′2′) = εrεr′ερερ′ u¯
b
r′(1
′) u¯αρ′(2
′) Oˆbcαβ(12; 1
′2′,MV )ucr(1) uβρ(2), (3.7)
where ε = +1 for r = 1, 2 and ε = −1 for r = 3, 4. Since the defined operator (3.6)
generally acts in the nucleon spinor space its matrix elements describe processes with
anti-particles as well. This is explicitly reflected in the dependence of the coefficients
AMVr,r′;ρ,ρ′(12; 1
′2′) on spinors with anti-particle quantum numbers. In our case this depen-
dence can occur in the process (3.1) only as virtual creation and annihilation of NN¯
pairs, which within the BS formalism are allowed through the presence of negative-energy
P components in the BS amplitude. However, in the considered kinematics the contri-
bution of P waves is by far smaller than the main S++ and D++ components [37] and
consequently, in what follows we disregard all the partial BS amplitudes with at least one
negative energy index, leaving only the S++ and D++ waves. Then substituting (3.6) into
(3.5) one obtains
TMVMds1s2 (s, t) =
−i
(2m)2
∫
d4p
(2pi)4
Φ¯αbMd(1
′, 2′)
2∑
rr′=1
AMVs1s2;rr′(12; 1
′2′)uαr′(2
′)ubr(1
′)
=
i
(2m)2
2∑
rr′=1
∫
d4p
(2pi)4
(uαr′(2
′))
T
γαα
′
c
(
γα
′α′′
c Φ¯
α′′b
Md
(1′, 2′)
)
AMVs1s2;rr′(12; 1
′2′)ubr(1
′)
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=
i
(2m)2
2∑
rr′=1
∫
d4p
(2pi)4
AMVs1s2;rr′(12; 1
′2′)v¯r′(2
′)Ψ¯Md(1
′, 2′)ur(1
′), (3.8)
where γc is the charge conjugation matrix, v¯r(2
′) ≡ uTr (2′)γc, and the new BS amplitude
Ψ¯Md(1
′, 2′) ≡ γcΦ¯Md(1′, 2′) is written now in the form of a 4 ⊗ 4 matrix and represents
the solution of the BS equation written also in matrix form. Note that in eq. (3.8) the
spinor v¯r′(2
′) does not describe an anti-particle, it is rather a consequence of the efforts
made to cast the BS amplitude in a matrix form (see for details, e.g., refs. [24]) and still
refers to nucleons.
As in the previous case of NN reactions, the effective interactions in eq. (2.9)
again result into two types of diagrams, conversion currents and bremsstrahlung emis-
sion, which are depicted in fig. 10. Consequently, having already computed the op-
erator Oˆ, it is straightforward to obtain the coefficients AMVr,r′;ρ,ρ′(12; 1
′2′) in eq. (3.7)
within the OBE approximation. Note that in case when all particles are on mass shell,
AMVr,r′;ρ,ρ′(12; 1
′2′) exactly coincides with the amplitude (2.10) of the elementary process
(2.1), i.e., AMVr,r′;ρ,ρ′(12; 1
′2′) = TMVr,r′;ρ,ρ′(12; 1
′2′V ). However, in general this amplitude cor-
responds to a virtual process of vector meson production with two off-mass shell nucleons
in the final state.
Since our numerical solution for the BS equation has been obtained in the deuteron
center of mass [25], all further calculations will be performed in this system. First we
introduce the relevant kinematical variables as follows: p1 and p2 are the four momenta
of incoming nucleons, p′1 and p
′
2 stand for the momenta of the internal (off-mass shell)
nucleons in the deuteron with p = (p′1 − p′2)/2, ξM denotes the polarization 4-vectors of
the deuteron and vector mesons. In this notation the BS amplitudes in the deuteron rest
system are of the form [37]
ΨS
++
Md
(p′1, p
′
2) = N (kˆ1 +m)
1 + γ0
2
ξˆMd(kˆ2 −m)φS(p0, |p|), (3.9)
ΨD
++
Md
(p′1, p
′
2) = −
N√
2
(kˆ1 +m)
1 + γ0
2
(
ξˆMd +
3
2|p|2 (kˆ1 − kˆ2)(pξM)
)
(kˆ2 −m)φD(p0, |p|),
where k1,2 are on-mass shell 4-vectors related to the off-mass shell vectors p
′
1,2 as follows
k1 = (Ep,p), k2 = (Ep,−p), p′1 = (p′10,p), p′2 = (p′20,−p), Ep =
√
p2 +m2,
(3.10)
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and φS,D(p0, |p|) are the partial scalar amplitudes, related to the corresponding partial
vertices as
φS,D(p0, |p|) = GS,D(p0, |p|)(
MD
2
− Ep
)2
− p20
. (3.11)
Md is the deuteron mass, and the normalization factor reads N = 1√
8pi
1
2Ep(Ep +m)
.
The components of the polarization vector of a vector particle moving with 4-momentum
p = (E,p), having the polarization projection M = ±1, 0 and mass M are
ξM =
(
pξM
M
, ξM + p
pξM
M(Ep +M)
)
, (3.12)
where ξM is the polarization vector for the particle at rest,
ξ+1 = − 1√
2

1
i
0
 , ξ−1 = 1√2

1
−i
0
 , ξ0 =

0
0
1
 . (3.13)
The Dirac spinors, normalized as u¯(p)u(p) = 2m and v¯(p)v(p) = −2m, read
u(p, s) =
√
m+ Ep
 χsσp
m+ Ep
χs
 , v(p , s) = √m+ Ep

σp
m+ Ep
χ˜s
χ˜s
 , (3.14)
where χ˜s ≡ −iσyχs, and χs denotes the usual two-dimensional Pauli spinor. In gen-
eral, the BS amplitude consists on eight partial components. As already mentioned, in
eq. (3.9) we take into account only the most important ones, namely the S and D par-
tial amplitudes. The other six amplitudes may become important at high transferred
momenta [37, 38], hence for the present near-threshold process (3.1) they may be safely
disregarded. Substituting eqs. (3.9)-(3.14) into (3.8) one obtains after some algebra [21]
TMVMds1s2 (s, t) =
−i√
8pi
√
|Md|+ 1
×∑
rr′
∫
d4p
2Ep(2pi)4
GS −GD/
√
2
(MD/2−Ep)2 − p20
AMVsp,sn;rr′(p1,p2;p
′
1,p
′
2,PV )δr+r′;Md (3.15)
+
3i√
16pi
∑
rr′
∫
d4p
2Ep(2pi)4
GD
(MD/2− Ep)2 − p20
AMVsp,sn;rr′(p1,p2;p
′
1p
′
2Pφ)χ˜
+
r′ (σn)χr (nξ
∗
Md
).
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By closing the integration contour in the upper hemisphere and picking up the residuum
in p0 = Md/2 − Ep and introducing the notion of the deuteron S and D wave functions
as
uS(p) =
GS(p0, |p|)/4pi√
2MD(2Ep −Md); uD(p) =
GD(p0, |p|)/4pi√
2MD(2Ep −Md) ;
with
2
pi
∫
|p|2 d |p|(u2S + u2D) ≈ 1, (3.16)
the final expression for the amplitude T may be cast in the form
TMVMds1s2 (s, t) =
√
MD
4pi
∑
rr′
∫ d3p
Ep(2pi)2
AMVsp,sn;rr′(p1,p2;p,−p,PV )
×
{√
|Md|+ 1
[
uS(p)− uD(p)√
2
]
δr+r′;Md − 3
uD(p)√
2
(
ξ∗Mdn
)
χ˜r′(σn)χr
}
, (3.17)
where n is a unit vector parallel to p. Equation (3.17) may be written in a more famil-
iar form as to better emphasize the relation of our formulae with their non-relativistic
analogues. For this sake observe that in eq. (3.17) one has
√
|Md|+ 1δr+r′;Md =
−√2〈1
2
r 1
2
r′|1Md〉 and
(
ξ∗Mdn
)
(σn) = (4pi/3)
∑
α,β
(−1)α+βξ∗−ασ−βY1α(n)Y1β(n), where
Ylm(n) are the usual spherical harmonics. Then, by making use of the addition theo-
rem for the spherical harmonics Ylm(n) and the Wigner-Eckart theorem for the matrix
elements between states with definite angular momenta, the amplitude TMVMds1s2 (s, t) be-
comes
TMVMds1s2 (s, t) =
√
2MD
∑
rr′
∫ d3p
Ep(2pi)2
AMVsp,sn;rr′(p1,p2;p,−p,PV )× (3.18){〈
1
2
r
1
2
r′|1Md
〉
Y00(n)uS(p)−
∑
m,ν12
〈2m1ν12|1Md〉
〈
1
2
r
1
2
r′|1ν12
〉
Y∗2m(n)uD(p)
}
,
where the last line exactly coincides with a non-relativistic spin overlap between the
deuteron wave function and two Pauli spinors of intermediate nucleons. Note that usu-
ally in non-relativistic meson-nucleon theories the analogue of the amplitude TMVMds1s2 (s, t)
is obtained by a non-relativistic reduction of the initially covariant operator Oˆ with sub-
sequent calculations of the matrix element
TMVMd N.R.s1s2 (s, t) =
〈
D,Md
∣∣∣ OˆN.R.(12; 1′2′V ) ∣∣∣p1, s1,p2, s2〉
=
2∑
r,r′=1
〈D,Md |k1, r, k2, r′〉 〈k1, r, k2, r′ |OˆN.R.(12; 1′2′V ) |p1, s1,p2, s2〉, (3.19)
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where now 〈D,Md |k1, r, k2, r′〉 is the non-relativistic (complex conjugated) deuteron wave
function in the momentum space. In our case, the use of the BS formalism allows to com-
pute the matrix element (3.18) directly from the covariant expression of the previously
found operator Oˆ, avoiding the cumbersome procedure of its non-relativistic reduction for
non-relativistic calculations by eq. (3.19). However, since in the considered kinematical
range the BS wave functions, eq. (3.16), are rather similar to their non-relativistic ana-
logues (see, e.g. [37]) and due to the formal equivalence of eqs. (3.18) and (3.19) we can
use the former one for non-relativistic calculations as well by merely replacing uS(p) and
uD(p) with the corresponding quantities from the Schro¨dinger equation with, e.g., Bonn
or Paris potentials.
B. Results for pn → dV
In our calculation of the cross section of the process (3.1) we use the numerical solution
of the BS equation [25] in ladder approximation obtained with a realistic OBE interaction.
The effective parameters used in the ladder approximation when solving the BS equation
have been fixed in such a way to obtain a good description of the NN elastic scattering
data and the main static properties of the deuteron [37]. The obtained parameters turn
out to be very close to those obtained in the non-relativistic framework of the Bonn group
in determining the OBE NN potential [26]. In this sense our analysis of the processes
with the deuteron is consistent with the previous consideration ofNN → NNV processes.
In figs. 11 and 12 the angular distribution and the total cross section are depicted.
The shape of our evaluated cross section is rather similar to one computed in ref. [19].
However, there is some difference in the absolute values in case of φ. This difference
is probably due to the fact that we fitted our parameters to piN → φN data and to
NN → φNN data, in particular, the new DISTO data point with σ = 0.17 µb [6]. In
addition, the methods of calculating the FSI effects are slightly different, which could
provide some difference in values of FSI corrections as well. Nevertheless, the magnitude
of our parameters and those of ref. [19] are very close to each other. It is also worth
emphasizing that, as discussed in refs. [19, 28], there can be several sets of parameters
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equally well describing the pp→ ppV data. These sets differ not only by absolute values
of parameters but also by the relative contributions of bremsstrahlung and conversion
diagrams which possess different isospin structure and, hence differently contribute to pp
and pn processes. So, in case of pn → dV processes the isospin transition corresponds
to ∆T = 0, consequently the conversion diagrams are enhanced by a factor of ”-3”
in comparison with the bremsstrahlung diagram with exchange of neutral mesons. That
means that (i) the contributions of bremsstrahlung terms are strongly reduced in pn→ dV
processes in comparison with the elementary pp reaction and (ii) the shape of the cross
sections and angular distributions in the process pn → dV follows the behavior of the
corresponding distribution in the elementary processes, modified by the deuteron wave
function. This is clearly seen in fig. 11, where the shape of the angular distribution is
very similar to the distributions found in pn reactions (the shapes of the corresponding
distributions in figs. 2 and 5 must be compared with the curves labelled by open circles in
fig. 11). At the threshold the distribution is fairly flat, while with increasing energy some
structure around the forward-backward directions becomes pronounced. The shape of
the differential cross section in near forward and backward directions depends essentially
upon the parameter set used in calculations (for a detailed analysis of the dependence of
the shape of the angular distributions upon the chosen parameters, see [20, 22]).
In fig. 12 the total cross sections for ω and φ meson production are depicted as a
function of the excess energy. The ω production is larger than the φ cross section by
roughly two orders of magnitude. From figs. 11 and 12 we observe that the computed cross
sections exhibit a dependence on the potential used in the calculations of the deuteron
wave function. This dependence is more pronounced at relatively low energies and has
opposite behavior in ω (the BS wave function provides slightly larger cross sections than
the Bonn one) and φ production (the BS cross section is smaller than the Bonn one).
This difference decreases with increasing energy. This can be observed from a comparison
of angular distributions at two different energies (compare the curves labelled with open
circles with the ones labelled by triangles in fig. 11). In fig. 12 this effect is seen for ω
production (the upper panel) and not yet visible for φ mesons (lower panel).
Eventually, in fig. 13 we analyze the values of the OZI ratio defined at equal excess
20
energies (dashed line) and at equal beam energies (solid line). Corresponding to our
approach in both cases the FSI effects are the same (i.e., the deuteron in the final state).
The only difference should appear due to the difference in the phase space volumes for
ω and φ mesons which is estimated to be minimized for the ratio at equal excess energy
near the threshold and more pronounced for the ratio at equal beam energies. As the
energy increases the difference in the two definitions should not be too large, as seen in
fig. 13. In both cases the OZI ratio is essentially larger than the one expected form the
naive OZI rule restrictions.
IV. SUMMARY
In summary we present a combined analysis of vector meson production in pp→ ppV ,
pn → pnV and pn → dV processes for V = ω, φ. The elementary reactions NN are
treated within an effective meson-nucleon theory with most parameters fixed from inde-
pendent experiments. The few remaining parameters are fitted to achieve a reasonably
good description of the available angular distributions. With these parameters at our
disposal we obtain a fairly good description of the energy dependence of total cross sec-
tions. Then the OZI rule is analyzed for different definitions of the relevant ratio of φ/ω
meson production. It is found that an enhancement of the OZI rule ratios can be ob-
tained without any expected violation of the original rule and could be interpreted as
dynamical effect which occurs as a sophisticated interference of different types of dia-
grams and isospin effects. Using the same meson-nucleon theory we investigate vector
production with a deuteron in the final state. In order to be able to use directly the
results from elementary reaction we apply the Bethe-Salpeter formalism for the deuteron
in the final state. The final expressions are presented in a form fully corresponding to
the non-relativistic approach. Calculations with the same set of parameters show that
within the proposed approach one can obtain reasonable values of the total cross section,
close to the preliminary experimental data from ANKE. The OZI rule ratio is found to
be almost independent of the energy and, similarly to the NN case, is enhanced relative
to the naive expectations, based on the OZI rule restrictions.
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The proposed approach allows to calculate a number of polarization observables in the
considered processes which could be directly related with the OZI rule. However this task
is beyond of the goal of the present paper. An analysis of polarization observables in
NN → NNφ reactions can be found in ref. [28] and a for pn→ dφ in ref. [21].
Our approach extends the study of [22] by including the neutron channels and the
deuteron final state. First experimental data for pn → dω is at our disposal, while for
pn→ dφ data are expected soon from COSY-ANKE. It should be noted that in [22] also
a few nucleon resonances are taken into account for ω. This leads to a renormalization of
parameters, coupling constants and cut-off’s, and invokes further new parameters. The
role of baryon resonances is, in particular, stressed in [42]. The comprehensive extension of
our approach with inclusion of the full list of resonances deserves a separate investigation,
e.g. along the lines of [39–41].
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FIG. 1: Graphical representation of the scattering operator Oˆ(12; 1′2′V ) (with truncated nucleon
lines) for the vector meson production in NN interactions within an effective meson-nucleon
theory. The dashed and solid thick lines symbolize the OBE of pi, σ, ω, ρ mesons with effective
parameters listed in Table I (see also ref. [26]), the wavy lines represent the produced vector
meson. The first group of diagrams (a) corresponds to meson production from bremsstrahlung
processes, while the last two diagrams (b) depict meson production from the internal conversion
of the virtual piρ into real ω or φ mesons. The dots symbolize the dressing of the corresponding
lines of virtual particles with monopole cut-off form factors.
25
-1.0 -0.5 0.0 0.5 1.0
0
2
4
6
8
10
 Total (Conv. + Brem.+FSI)
 Conv.+FSI
pp  pp
d
/d
*  [
b 
sr
 -1
]
Cos *
 
 
 
 
-1.0 -0.5 0.0 0.5 1.0
0
5
10
15
20
25
30
 Total (Conv. + Brem.+FSI)
 Conv.+FSI
pn  pn
d
/d
*  [
b 
sr
 -1
]
Cos *
 
 
 
 
FIG. 2: Angular distributions of ω mesons for the reaction NN → NNω at the excess energy
∆s
1
2 = 173 MeV . Dashed lines correspond to contributions of conversion currents (fig. 1b),
solid lines represent the total contributions of bremsstrahlung and conversion diagrams (figs. 1a
and 1b). FSI is included in all contributions. Experimental data are from the COSY-TOF
Collaboration [31].
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FIG. 3: Total cross sections of near-threshold production of ω mesons in the process NN →
NNω (left panel: pp reaction, right panel: pn reaction) as a function of the energy excess ∆s
1
2 =
√
s−2mp−mω. Dashed lines correspond to contributions of conversion currents solely (fig. 1b),
dotted and solid lines represent results with including bremsstrahlung and conversion diagrams
(figs. 1a and 1b) without and with FSI effects taken into account, respectively. Experimental
data are from SATURNE [32], COSY-TOF Collaboration [31] and DISTO Collaboration [5, 6]
(cf. the compilation in [22]).
27
1 10 100
2,0
2,5
3,0
3,5
s1/2 [MeV]
 Total (Brem.+Conv.+FSI)
 Brem.+Conv.: No FSI
(p
n 
 p
n
)/
(p
p 
 p
p
)
 
 
 
 
FIG. 4: Ratios of the total cross sections of ω meson production in pp and pn channels as a
function of the excess energy. Dashed line denotes the ratio of cross sections without FSI; solid
line reflects the ratio of total cross sections with FSI taken into account.
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FIG. 5: Angular distributions of φ mesons in the process NN → NNφ (left panel: pp reaction,
right panel: pn reaction) at the energy excess ∆s
1
2 = 83 MeV . Experimental data are from the
DISTO Collaboration [5, 6]. Notation as in fig. 2.
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FIG. 6: Total cross sections of near-threshold production of φmesons in the processNN → NNφ
as a function of the energy excess ∆s
1
2 =
√
s−2mp−mφ. Experimental data is from the DISTO
Collaboration [5, 6]. Notation as in fig. 3.
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FIG. 7: Ratios of the total cross sections of φ meson production in pp and pn channels. Notation
as in fig. 4.
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FIG. 8: Ratio of the total φ-to-ω production cross sections in pp and pn reactions. Dashed
lines denote the ratio of ”net” cross sections, i.e. without any FSI; solid lines reflect the ratio of
total cross sections with FSI taken into account. The shaded area indicates the range of ratios(
gρpiφ
gρpiω
)2
≈ 0.0071 and
(
gφNN
gωNN
)2
≈ 0.0079 (cf. Table I) used as input for the calculations.
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FIG. 9: Ratio of the total φ-to-ω production cross sections in pp (solid lines) and pn (dashed
lines) reactions as a function of the excess energy above the φ threshold. Left (right) panel
corresponds to ratio of total cross sections with (without) FSI effects taken into account. Data
for the pp reaction is from DISTO Collaboration [6].
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FIG. 10: Diagrams contributing to the process pn → dV . The sum of bremsstrahlung (a) and
conversion-type (b) diagrams results in the matrix element of the operator Oˆ(12; 1′2′V ) (fig. 1)
sandwiched between the initial two-nucleon states and the final deuteron.
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FIG. 11: Angular distributions for ω (left panel) and φ (right panel) mesons produced in pn→
dV processes for various values of the excess energy ∆s1/2 =
√
s−Md −mV (V = ω, φ). Solid
lines: results of calculations with the deuteron wave function obtained within the BS formalism;
dashed lines: the non-relativistic deuteron wave function with the Bonn potential. The curves
labelled with open circles correspond to values of ∆s1/2 for which the experimental data of
elementary process pp exits (cf. figs. 2-6); the curves labelled with triangles are presented for an
illustration of the change of the distributions with the excess energy.
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FIG. 12: Total cross sections for ω and φ mesons for pn → dV reactions as a function the
excess energy ∆s
1
2 =
√
s −Md −mV (V = ω, φ). Solid lines: results of calculations with the
deuteron wave function obtained within the BS formalism; dashed (dotted) lines: using the
non-relativistic deuteron wave function with the Bonn (Paris) potential. The experimental data
are from COSY-ANKE [35].
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FIG. 13: The OZI rule ratio for pn → dV processes as a function of the excess energy. The
dashed line represents the ratio at equal values of the excess energy, while the solid line reflects
the ratio at equal beam energies and is measured from the threshold of φ meson production.
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